The Cpx response is one of several envelope stress responses that monitor and 22 maintain the integrity of the gram-negative bacterial envelope. While several conditions that are 23 known or predicted to generate misfolded inner membrane proteins activate the Cpx response, 24 the molecular nature of the Cpx inducing cue is not yet known. Studies have demonstrated that 25 mutation of multidrug efflux pumps activates the Cpx response in many gram-negative bacteria. 26
Introduction 39
In order for antimicrobial compounds to gain access to their cellular target, they must 40 first cross one or more layers of the bacterial envelope. For gram-negative bacteria, this 41 envelope consists of the outer membrane, the inner membrane, and the peptidoglycan sacculus 42 located within the intervening periplasmic space (Silhavy et al., 2010) . Antimicrobials that have 43 crossed the envelope may be transported out of the cell via multidrug efflux pumps. Some 44 multidrug efflux pumps interact with an outer membrane channel and periplasmic membrane 45 fusion protein to form a tripartite protein complex that can directly transport toxic molecules from 46 the cytoplasm or periplasm to the external environment, while others function as single 47 component pumps that transport compounds from the cytoplasm to the periplasm (Li et al., 48 2015) . Compounds transported to the periplasm via singlet efflux pumps may then move out of 49 the cell through a tripartite machine Tal and Schuldiner, 2009) . 50
Escherichia coli encode several tripartite multidrug efflux systems, many of which use 51 the same outer membrane channel, TolC (Li et al., 2015) . Decades of research have shown that 52
TolC is required for the efflux of a wide variety of dyes, detergents, and antibiotics. However, 53 there is a growing body of evidence to suggest that TolC is also required for the secretion of 54 endogenously produced metabolites. Intra-and extracellular concentrations of cysteine, indole, 55 porphyrins, and siderophores are affected by loss of TolC or TolC-dependent efflux pumps 56 (Bleuel et al., 2005; Horiyama and Nishino, 2014; Tatsumi and Wachi, 2008; 57 stress responses are activated in bacteria lacking tolC (Guest and Raivio, 2016a; Rosner and Martin, 2009 ), including the Cpx envelope stress response. 66 Current evidence suggests that the Cpx envelope stress response functions to monitor 67 and maintain the biogenesis of inner membrane proteins and protein complexes (Guest et al., 68 2017; Raivio, 2014; Vogt and Raivio, 2012) . This response is controlled by a typical two-69 component signal transduction system consisting of the inner membrane bound sensor CpxA 70 and the cytoplasmic response regulator CpxR (Dong et al., 1993; Weber and Silverman, 1988) . 71
In the presence of an inducing signal, CpxA autophosphorylates and the phosphate is then 72 transferred to CpxR (Raivio and Silhavy, 1997) . Once phosphorylated, CpxR functions as a 73 transcription factor to activate the expression of genes associated with protein biogenesis and 74 inner membrane integrity (Danese and Silhavy, 1997; 1998; Danese et al., 1995; Pogliano et al., 75 1997; Price and Raivio, 2009; Raivio et al., 2000; , and repress the expression of genes 76 that encode macromolecular envelope-localized protein complexes ( (Acosta et al., 2014) . In a subsequent study, this metabolite was identified as the 89 catechol siderophore vibriobactin (Kunkle et al., 2017) . This study also found that the V. 90 cholerae Cpx response is no longer activated in an efflux mutant when bacteria are grown 91 anaerobically or when succinate dehydrogenase of the electron transport chain is disrupted. As 92 such, it has been proposed that accumulation of vibriobactin activates the Cpx response via the 93 electron transport chain. 94
It is thought that vibriobactin production is limited to a small number of Vibrio species 95 (Thode et al., 2018; Wyckoff et al., 2001) . As such, the mechanism by which inhibition of efflux 96 activates the Cpx response in E. coli remains to be determined. In this study, we show that the 97 catechol siderophore enterobactin is required for activation of the Cpx response in E. coli 98 lacking tolC, suggesting that envelope damage inflicted by impaired secretion of siderophores is 99 a conserved Cpx inducing signal. While enterobactin was found to decrease activity of the 100 NADH oxidation arm of the aerobic electron transport chain in the tolC mutant, neither NADH 101 dehydrogenase I, NADH dehydrogenase II, nor cytochrome bo 3 contribute to activation of the 102 Cpx response in this background. Finally, we provide evidence to suggest that activation of the 103 Cpx response facilitates adaptation to toxic envelope stresses, such as enterobactin 104 accumulation, by down-regulating the transcription of genes involved in enterobactin 105 biosynthesis. 106
107
Results 108 tolC single mutant where cpxP-lacZ activity was increased eleven-fold, there was no increase in 143 cpxP-lacZ activity in the tolC entC double mutant ( figure 2A ). Furthermore, addition of 144 exogenous enterobactin to the medium restored Cpx pathway activation in the tolC entC double 145 mutant ( figure 2B ). Together, these results suggest that enterobactin is responsible for 146 activating the Cpx stress response in the E. coli tolC mutant and demonstrate that accumulation 147 of catechol siderophores generates a Cpx inducing signal that is conserved in V. cholerae and 148 E. coli. 149 150
Impaired secretion of enterobactin decreases NADH oxidase activity 151
We next sought to determine whether other phenotypes associated with the tolC mutant 152 are due to impaired secretion of enterobactin. While tolC is not essential for growth in rich 153 medium, the growth rate of tolC deficient E. coli is substantially reduced in minimal medium 154 (Dhamdhere and Zgurskaya, 2010; Vega and Young, 2014). One study attributed this 155 phenotype to reduced activity of NADH dehydrogenase of the electron transport chain 156 (Dhamdhere and Zgurskaya, 2010), while another found that the growth defect could be 157 suppressed by the addition of iron (Vega and Young, 2014) . Together, these results suggest 158 that enterobactin may reduce NADH dehydrogenase activity in the tolC mutant. To examine this 159 possibility, we measured NADH oxidase activity in the tolC and entC single mutants and tolC 160 entC double mutant by measuring the rate of oxygen consumption using β-NADH as the 161 electron donor. As expected, oxygen consumption is reduced in the tolC mutant compared to 162 the wildtype (figure 3). However, oxygen consumption in the tolC entC double mutant is similar 163 to that of the WT and entC single mutant (figure 3). These results are consistent with the 164 hypothesis that enterobactin is responsible for reduced NADH dehydrogenase activity in the 165 decrease in MC4100 and that activity of the MC4100 entCEBA-lux reporter would increase in 218 EPEC. The second possibility is that activity of transcription factors that regulate entCEBA 219 transcription is different between EPEC and MC4100. Here, expression of the EPEC and 220 MC4100 entCEBA-lux reporters would both be similar in EPEC. Likewise, expression of both 221 reporters would be similar in MC4100. We found that activity of the EPEC and MC4100 222 entCEBA-lux reporters were similar in EPEC, suggesting that the difference in entCEBA 223 transcription is not due to differences in the DNA sequence of the entCEBA promoter regions 224 ( figure S2A ). Furthermore, we found that activity of the EPEC entCEBA-lux reporter in MC4100 225 is actually increased approximately two-fold in comparison to the activity of the MC4100 and Martin, 2009). In this study, we report that the catechol siderophore enterobactin is 240 responsible for activating the Cpx envelope stress response in E. coli lacking TolC, the outer 241 membrane channel of several multidrug efflux systems ( figure 6 ). While the mechanism by 242 which impaired secretion of enterobactin activates the Cpx response remains to be determined, 243 our data suggest that NDH-I, NDH-II, and cytochrome bo 3 are not involved. 244
245
The enterobactin secretion pathway begins in the cytoplasm, where enterobactin is 246 synthesized (reviewed in Raymond et al., 2003) . Cytoplasmic enterobactin is then transported to 247 the periplasm via the singlet efflux pump EntS (Furrer et al., 2002) . Once in the periplasm, 248 enterobactin is secreted into the environment by one of several TolC-dependent tripartite efflux 249 systems (Bleuel et al., 2005) . Enterobactin that has bound to iron is brought back into the cell 250 through the TonB-dependent outer membrane channel FepA, translocated across the periplasm 251 by FepB, and moved into the cytoplasm by the FepCDG inner membrane transporter (reviewed 252 in (Guerinot, 1994) . Next, the iron-enterobactin complex is hydrolyzed by Fes, which liberates 253 the bound iron and breaks down enterobactin into mono-di-and/or tri-dihydroxybenzoylserine 254 Whether impaired secretion of enterobactin is responsible for the pleiotropic phenotypes 266 displayed by bacteria lacking tolC remains to be determined. At present, it is known that 267 enterobactin induces the growth and morphological defects associated with tolC mutants grown 268 in iron-limited medium, but is not required for antibiotic hypersensitivity (Vega and Young, 269 2014 ). In a previous study, deletion of tolC in E. coli was found to decrease NADH oxidase 270 activity when cells were grown in minimal medium, but not rich medium ( we found that NDH-I, NDH-II, and cytochrome bo 3 are not required for activation of the Cpx 288 response in the E. coli tolC mutant. We were unable to accurately assess the role of succinate 289 dehydrogenase in the activation of the Cpx response in the E. coli lacking tolC, as the succinate 290 dehydrogenase mutant grew very poorly in iron-limiting minimal medium (data not shown). 291
Together, these results suggest that succinate dehydrogenase, but not other components of the 292 aerobic electron transport chain, contributes to activation of the Cpx response in bacteria 293 lacking tolC. Whether and how siderophores impair succinate dehydrogenase remains to be 294
determined. 295
In agreement with previous transcriptomic data, we found that the Cpx stress response 296 represses expression of the genes for enterobactin biosynthesis in EPEC and E. coli K-12. We 297 also found that basal transcription of the entCEBA operon is decreased in EPEC in comparison 298 to MC4100, likely due to changes in activity of transcription factors in EPEC. As expression of 299 the enterobactin biosynthesis genes is regulated in response to intracellular iron concentrations 300 (Bagg and Neilands, 1985; Brickman et al., 1990) , it is possible that intracellular iron 301 concentrations are different in EPEC and MC4100. Alternatively, it is possible that pathogens 302 such as EPEC more tightly control regulation of iron metabolism to facilitate host colonization. into strain TR50 by P1 transduction as previously described (Silhavy et al., 1984) . 371
Luminescent transcriptional reporters of entCEBA expression were constructed as 372 previously described (Wong et al., 2013) . Briefly, the promoter region of the entCEBA operon 373 was amplified from E2348/69 or MC4100 using the primers PentCluxF and PentCluxR (table  374   S2 respectively. As enterobactin is dissolved in 42% DMSO, an equivalent volume of 42% DMSO 392 was added to the control cultures. β-galactosidase activity was measured as previously 393 described (Buelow and Raivio, 2005) . Bacteria were pelleted by centrifugation at 2880 x g for 10 394 minutes. The supernatant was removed, and bacteria were resuspended in 2mL of 1 x Z buffer 395 was added to 195µL of 1 x Z buffer in a 96 well plate. 50µL of 10mg/mL o-nitrophenyl-β-D-galactopyranoside (ONPG) was added, and hydrolysis of ONPG was measured at an 401 absorbance of 420nm (A 420 ). A 420 was read 20 times with 45 seconds between each reading. 402
For figure 4 and S1, bacteria were grown overnight in LB at 37 o C with shaking at 225 403 rpm. Bacteria were pelleted by centrifugation at 2880 x g for 10 minutes, washed once in 1mL 404 phosphate-buffered saline, and resuspended in 2mL phosphate buffered saline. 10µL of 405 washed bacteria were spotted onto M9 minimal medium agar containing 0.4% glucose and 406 grown for 24 hours at 37 o C. Bacteria were then scraped off the plate using plastic inoculating 407 loops and resuspended in 2mL 1 x Z buffer. β-galactosidase activity was measured as 408 described above. 409
410

NADH Oxidase Assay 411
After growth overnight in 5mL LB broth with shaking at 225 rpm, bacteria were diluted by 412 a factor of 1:100 into 5mL M9 minimal medium (Difco) containing 0.4% glucose and grown for 413 20 hours at 37 o C. Bacteria were pelleted by centrifugation at 2880 x g for 10 minutes and the 414 pellet was resuspended in 1mL of cold 50mM 4-morpholineethanesulfonic acid (MES) buffer 415 (pH 6.0). Bacteria were pelleted again by centrifugation at 21,130 x g for 1 minute. The 416 supernatant was removed and the wet weight of the bacteria was determined. Bacteria were 417 resuspended in 1mL cold 50mM MES buffer, pH 6.0 and 25µL of protease inhibitor cocktail 418 (Sigma-Aldrich) was added for every 100mg of wet cell weight. Bacteria were then lysed by 419 sonication. Intact cells were removed by centrifugation at 10,000 x g for 30 minutes at 4 o C. 420 100µL of sample was added to 890µL of pre-warmed 50mM MES buffer, pH 6.0 in a 1mL 421 microrespiration chamber and covered with 150µL of light mineral oil to prevent oxygen from 422 dissolving into the medium. The microrespiration chamber was placed in a 30 o C water bath for 5 423 minutes prior to the addition of β-NADH. 100µM β-NADH was added and oxygen concentration 424 was measured every 30 seconds for 10-15 minutes using an oxygen MicroOptode sensor 425 (Unisense). Oxygen concentration at each time point was standardized to the oxygen 426 concentration just prior to the addition of β-NADH. Oxygen consumption for each sample was 427 measured in technical duplicate. The rate of oxygen consumption (% minute -1 ) was calculated 428 from the linear range of the reaction. The average rate of oxygen consumption of two technical 429 replicates was standardized to the amount of total protein added to the microrespiration 430 chamber. Protein concentration for each sample was determined using the Pierce BCA Protein 431 Assay kit (Thermo Scientific). 432 433
Luminescence assay 434
Bacteria were grown overnight in 2mL LB at 30 o C. Bacteria were then diluted at a factor 435 of 1:100 into 2mL M9 minimal medium (Difco) containing 0.4% glucose, 5.34mM isoleucine, and 436 6.53mM valine and grown at 30 o C with shaking at 225 rpm. 200µL of culture was transferred to 437 a black-walled 96 well microtiter plate 8 hours after subculture and luminescence (in CPS) and 438 OD 600 were measured as described above. Luminescence (expressed in counts per second 439
[CPS]) and OD 600 were read from the microtiter plate for each sample using the PerkinElmer 440 Wallac Victor 2 1420 plate reader. entCEBA-lux activity was calculated by subtracting the CPS 441 and OD 600 values measured from a blank well containing uncultured LB from the raw CPS and 442 OD 600 values measured for each sample. The normalized CPS was divided by the normalized 443 OD 600 to account for differences in growth between samples. 
